This paper describes experiments in cell systems that have helped clarify intracellular mechanisms leading to apoptosis. Using the cellular systems described (rat retinal whole mount, rat retinal cell line E1A-NR3, and rat neuronal cell line NG 108-15), it has been possible to demonstrate that intracellular pH change may be the mechanism through which carbonic anhydrases modulate vasodilation and act on retinal blood flow. Intracellular pH can also be used to monitor intracellular changes that precede and occur during apoptosis. The findings also show the potential significance of advanced glycation end products (AGEs) in the glaucomatous process, and the potential for brimonidine and memantine to rescue neuroretinal cells from AGE-induced retinal damage.
Introduction
This paper describes two methods involving living retinal cells, whole-mount ex vivo retina preparations and retinal neural cell cultures, to study the effects of neuroprotective agents. Using these approaches, it has been possible to elucidate the finer details of the mechanisms involved in the neuroprotective processes, such as changes in intracellular pH, and the ways in which some drugs may benefit the patient.
Intracellular pH as an indicator of cell stress and apoptosis
Animal models are useful for studying the mechanisms of agents that are potentially involved in the protection of glaucomatous optic nerve damage. In the ex vivo rat retina preparation, computer imaging with a high resolution and a deconvolution system was used to visualize the sections of the retina containing living cells. This method can be used to see changes in vessel diameter and has potential for use both in vivo or ex vivo.
We used this model to compare dorzolamide and acetazolamide, two blockers of carbonic anhydrase (CA) that may modulate regional blood flow by mediating changes in extra-and intracellular pH. 1 At that time, it was unclear whether blockers of CA really changed the pH near retinal capillaries and also how changes in the local pH affected the capillary tone in situ. The rat retinas were observed in a chamber for electron light microscopy or were fixed for immunohistochemistry. Changes in capillary diameter were measured, and intracellular pH was analysed in the whole mounts by ratio imaging of the pH using the special dye BCECF-AM (2,7-bis-(2-carboxyethyl)-5-(and -6)-carboxyfluorescein acetoxymethyl ester) and the extracellular pH using nonesterized BCECF (2,7-bis-(2-carboxyethyl)-5-(and -6)-carboxyfluorescein).
Acetazolamide and dorzolamide showed statistically significant vasoactive effects in retinal capillaries. Vasodilation increased by up to 105% of that in control capillaries after 5, 10, and 15 min. CA inhibitors were able to induce intracellular alkalization in retinal cells. After addition of dorzolamide or acetazolamide, there was a decrease of extracellular pH, but an increase in intracellular pH concomitant with diameter changes. Thus, it may be concluded that CA inhibitors can relax retinal vessel capillaries concomitant with pH changes and might improve retinal blood supply.
Monitoring of intracellular pH can allow cell stresses and their cumulative effect on cell apoptosis to be determined. 2 A dye that is frequently used to indicate the mitochondrial transmembrane potential is 5,5 0 ,6,6 0 -tetrachloro-
. This dye was used in studies involving rat retinal cell line (E1A-NR3) and rat neuronal cell line (NG 108-15). Incubation of these cell lines with glyoxal, known to accelerate glycation and the formation of advanced glycation end products (AGEs, see below), an important pathological event in age-related ocular diseases, 3 led to a decrease in intracellular pH. This change was accompanied by morphological changes expressing signs of intracellular damage: membrane blebbing, and mitochondria and intracellular organelles gathering around the nucleus. At 1 h after glyoxal incubation, there was breakdown of the mitochondrial transmembrane potential (indicated by JC-1), mitochondrial swelling, followed by a nuclear fragmentation and apoptosis by 2 h. We successfully demonstrated subsequently that the reduction of glyoxal-induced acidification by CA inhibitors protected a rat retinal cell line (E1A-NR3) from cell stress and apoptosis. 4 
AGEs
The formation of AGEs is a key pathophysiological event in a range of important human diseases, and advanced glycation perceived as a possible modulator in important visual disorders. 2 AGEs form via nonenzymatic condensation reactions between reducing sugars and e-amino groups or N-terminal groups, under conditions of relatively high blood glucose levels. This is also a normal process in every individual over the ages of 50 years.
2 AGE cross-links of proteins with sugars can affect protein structure and function, which can have pathological consequences, particularly given the formation of reactive intermediates making this process irreversible. Over time, the cross-linking can lead to 'AGEing' and mislocation of many protein types within cells. In the case of the retinal pigment epithelium (RPE), an additional metabolic load derives from the ingested photoreceptor discs: the discs also contain blue light-induced AGEs and advanced lipoxidation end products (ALEs). 5, 6 Furthermore, AGEs and ALEs lead to an increased production of free radicals. 7 The presence of AGEs is an important physiological index in the retina of elderly patients. It has been possible to visualize the thickening of the basement membrane with AGEs and also the gradual loss of pericytes in retinal capillaries due to AGE load. 8 In the present study, we can show AGEing of the nerve fibres, as indicated by an accumulation of a typical glycoxidation product, N(e)-(carboxymethyl) lysine (CML) (Figure 1 ). Note that CML is greatly increased in the glaucoma subject than in the normal control.
The presence of AGEs inside the cell, and especially in axons, may affect axonal transport, as their by-products gather and block vesicles that are normally transported in axons, leading to the formation of vesicular aggregates. 9 In whole-mount ex vivo retina preparations, AGE-reactive intermediates (like glyoxal, which induces a time lapse AGEing, mimicking the long-term physiological AGE formation) induced rapid changes in the intracellular pH and mitochondria, leading to an impediment of axonal transport. 10 The velocity of vesicles that are involved in axonal transport was also reduced.
Potential neuroprotective effects of brimonidine and memantine
The potential neuroprotective effects of brimonidine and memantine were studied in cultures of different cell lines, where induced apoptosis was quantitated by flow cytometry. Brimonidine is a selective a-2 adrenergic agonist, which has been shown to activate a-2 adrenergic receptors in the retina and to have the potential to promote the survival and functionality of retinal cells. 11 This agent was found to reduce both the acidification of intracellular pH and apoptosis induced by glyoxal (Figures 2 and 3 ; EM Kniep and RH Funk, private communication). Similar findings were obtained with apoptosis induced by radicals (reactive oxygen species, ROS) and rescue with brimonidine. The effects of brimonidine were seen not only in neuronal cells (Figures 2 and 3 ) but also in RPEs (Figures 4 and 5) .
Memantine is an N-methyl-D-aspartate-sensitive glutamate receptor antagonist, which has been suggested to have neuroprotective effects by reducing glutamate-induced excitotoxicity. 12 This drug was also found to inhibit apoptosis induced by glyoxal private communication.
Conclusion
Using the cellular systems described in this paper, it has been possible to demonstrate that intracellular pH changes can be used to monitor intracellular changes that precede and occur during apoptosis. The findings also show the potential significance of AGEs in the glaucomatous process, and the potential for brimonidine and memantine to rescue neuroretinal cells from AGE-induced retinal damage. 
